Background: A major goal in the post-genomic era is to identify and characterise disease susceptibility genes and to apply this knowledge to disease prevention and treatment. Rodents and humans have remarkably similar genomes and share closely related biochemical, physiological and pathological pathways. In this work we utilised the latest information on the mouse transcriptome as revealed by the RIKEN FANTOM2 project to identify novel human disease-related candidate genes. We define a new term "patholog" to mean a homolog of a human disease-related gene encoding a product (transcript, anti-sense or protein) potentially relevant to disease. Rather than just focus on Mendelian inheritance, we applied the analysis to all potential pathologs regardless of their inheritance pattern.
Background
The majority of common diseases such as cancer, allergy, diabetes or heart disease are characterised by complex genetic traits where genetic and environmental components contribute to disease susceptibility [1] . Unfortunately, our knowledge of genes contributing to the risk of common diseases remains limited. Consequently, a major goal of the post-genomic era is to better identify and characterise disease susceptibility genes and to use this knowledge for improved disease detection, treatment and prevention.
More than 500 genes are conserved across the invertebrate and vertebrate genomes [2] . Because of gene conservation, various organisms including yeast [3] , fruitfly [4] , zebrafish [5] , rat [6] , and mouse [7] have been used as genetic models for the study of human disease. Whilst the basic housekeeping genes such as those involved in metabolism, intracellular signalling, transcription/translation, DNA replication and repair are highly conserved in eukaryotes making them useful for the study of basic cellular processes and related diseases, these organisms do not share with humans many genes such as those involved in homeostasis, immunity, and cellular interactions [2] . Rodents and humans have remarkably similar genomes and share closely related biochemical, physiological and pathological pathways making the mouse the most important model organism for the study of human disease genetics and development of new treatments. This is reflected in the fact that approximately 80% of all mouse cDNA clones have matches in the human genome [2] .
Genetic manipulations that can be performed in the mouse include point mutations, gene disruptions, insertions, deletions, or chromosomal rearrangements [8] . Random genome-wide mutagenesis can also be used for identification of gene function [9] . Specific genetic manipulations and alterations in the mouse often produce clinical features that are remarkably similar to human disease [10] . For example, targeted mutation of the transferrin receptor-2 gene was shown to induce haemochromatosis in mice [11] . The recent explosion of genomic data has, however, overwhelmed researchers with tens of thousands of novel genes making it difficult to know where to start in order to identify those most relevant to human disease. This has led to the use of comparative genomics as a strategy to identify promising candidates warranting further study from amongst all these novel genes.
Rubin et al. [12] compiled a list of 289 human disease genes and compared them to the fruitfly genome, finding 177 fruitfly orthologues to human disease genes. A more recent study [4] focused on identification of a subset of human disease genes that represent good candidates for study in the fruitfly model. Starting from the 929 entries of known human disease genes listed in the OMIM database [13] , they identified 548 fruitfly genes with sequence homology to human disease genes. Of these, 56 genes belonged to well-known signalling pathways (such as BMP, Hedgehog or Notch). These strategies starting from known human disease-related genes are directed at the identification of orthologs in non-human species of known human disease genes.
The FANTOM2 project [14] focused on the functional annotation of 60770 cDNA RIKEN clones by large-scale, computerised annotation followed by manual curation. Being the most complete picture of the mouse transcriptome to date, the FANTOM2 dataset provides an ideal opportunity for the identification of novel pathologs thereby leading to the identification of novel human disease-related genes or disease-related gene products (transcript, anti-sense or protein), including candidates not listed in the OMIM Morbidmap database.
Recently, FANTOM2 cDNA clones were searched with TBLASTN (e-value: E-50) against a set of human diseaserelated genes and mouse orthologs were identified for 807 human disease-related genes [15] . Of these, 67 were novel mouse orthologs for known human disease-related genes [15] . However, this BLAST strategy starting from known human disease-related genes and then searching for orthologs in the mouse is only able to identify mouse genes corresponding to already known human diseaserelated genes. Consequently, for the present study we developed an alternative strategy for gene discovery from the FANTOM2 cDNA dataset aimed at identifying potential novel human disease-related genes. By comparison to previous reports [15, 12, 4] , we started from novel mouse transcripts with similarity but not identity to human disease-related genes and then mapped these sequences back to the human genome to identify novel potential human disease-related genes.
The FANTOM2 dataset contains 2578 cDNA clones annotated as "similar to" known genes or proteins, comprising 1114 members of the representative transcript protein set 6.3 (RTPS6.3) FANTOM2 clusters [14] . The sequences of each of these "similar to" clones have 70-85% identity over more than 70% length to known reference protein or gene sequences. By searching the publication abstracts databases PubMed/MEDLINE [16] , we identified 182 mouse mRNA transcripts that we called "potential pathologs" as they had sequence similarity to human disease-related genes or proteins. We defined "patholog" as a non-human gene with homology to a human gene that encodes a product (transcript, anti-sense or proteins) involved in human disease. A disease-related gene has a role in a patho-physiological pathway, or is relevant to the diagnosis or treatment of a human disease. The most common disease classifications to which these potential pathologs corresponded were neoplastic, hereditary, immune, cardiovascular or neurological diseases. Each patholog represents a potential target for creating novel mouse models of human disease.
One of the bottlenecks in the use of genomic data to search for potential disease genes, is the time required to search the literature and assess the significance of the search results. Semi-automated knowledge extraction tools offer the potential to dramatically accelerate this process, albeit at the risk of some loss of information as a result of misqueries and ambiguous data. An important aspect of this project was a comparison of the performance of FACTS, a newly developed semi-automated knowledge extraction tool, against expert human annotators to determine whether in the future it will be feasible to automate the process of disease gene identification.
Results

Identification of novel pathologs
We identified 182 candidate pathologs from amongst 2578 FANTOM2 mouse "similar to" cDNA transcripts ( Figure 1 ). Each of the transcripts representing these targets shows 70-85% identity over more than 70% of its length to a known human disease related gene or protein found by sequence similarity comparisons (see Methods). Of these, 146 were identified by manual and 133 by a semi-automated approach with 97 (53.3%) of targets being detected by both methods. The manual approach uniquely detected 49 (26.9%) human disease-related gene targets and semi-automated approach uniquely detected 36 (19.8%) targets.
Classification of pathologs by disease
The 182 "pathologs" were classified by the disease they relate to. The majority of the clones were related to neoplastic disorders (53%), followed by hereditary (24%), immunological (5%), cardio-vascular (4%), and other (14%), disorders (Table 1) .
Cancer-related pathologs
The cancer-related category comprised the largest number of potential pathologs, with 96 unique targets ( Table 2) . Cancers represented in this list cover a variety of systems including the central nervous system, gastro-intestinal tract, breast, and prostate, among others. These potential pathologs related to cancer pathophysiology 61 (63.5%), diagnosis 19 (19.8%) and treatment 16 (16.7%).
Each of the 96 cancer-related potential pathologs was associated with one of the molecular circuits that maintain normal cell proliferation and homeostasis. Defects in these circuits often induce dysregulation of cell growth and apoptosis, or contribute to tissue invasion, metastasis, or angiogenesis. Defects in these pathways are thus central to cancer development [17] . Amongst the pathologs we identified genes encoding proteins involved in the SOS-Ras-Raf-MAPK cascade that has a key role in normal cell growth, and proteins linked with gene expression and cell proliferation, including Wnt-β Catenin, CdC42-Rac-Rho, and the pRb-E2F transcription factors [17] . A number of matrix metalloproteinases and cell adhesion molecules involved in cell invasion and metastasis were also identified.
Hereditary-disease pathologs
Potential pathologs related to hereditary diseases were the second largest group in this study ( Table 3 ). We found 43 transcripts related to hereditary diseases, of which 39 (90.7%) were described to be defective or deleted in hereditary disorders and 4 (9.3%) were related to diagnosis. Defective pathways contributing to the pathogenesis of these diseases included metabolic pathways (e.g.
Flow chart of method used for the identification of "pathologs" Figure 1 Flow chart of method used for the identification of "pathologs". Obtained from the FANTOM2 dataset, "similar to" clones were analysed using a manual (left) and a semiautomated approach (right) to identify "patholog" genes. HDR clones: clones with Human Disease Relationship. peroxisomal biosynthesis and oxidation, mitochondrial respiratory chain, and phospholipid biosynthesis), cytoskeleton synthesis and organization and ion transport. Interestingly, 11 gene products from this group were previously described in the literature but their function was unknown or putative. 
Other pathologs
Identification of novel pathologs
These 182 transcripts were further analysed to find those that by sequence comparison and conserved gene synteny corresponded to potential new pathologs, classified as "ortholog candidates" or "novel sequences" (Figure 2 ). We found 137 pathologs that represented the most similar mouse sequences to known human genes. Of these, 72 (52.5%) were found in public databases (NCBI and SPTR) as previously described mouse orthologs and their function is known or inferred. The remaining 65 (47.5%) represent the best mouse to human match by sequence similarity but their function is not known, making them excellent candidate mouse orthologs. 
Classification of candidate orthologs and novel homologs
We also located 45 potential pathologs not representing mouse orthologs of human genes, as there was a better mouse transcript match for the human gene they share sequence homology with. However, they may represent novel mouse homologs as deducted from sequence analysis and conservation of synteny.
These 45 potential pathologs with novel sequences, corresponded to cancer 26 (58%), hereditary disorders 7 (15%), cardiovascular disease 3 (7%) and other diseases 9 (20%). Nine of these targets had short sequences (less than 1000 bp) and might correspond to pseudogenes (based on gene synteny).
Comparison to Online Mendelian Inheritance in Man (OMIM) database entries
Genome-wide studies of pathologs in other organisms [2, 4, 18] focused on systematic searches for paralogs or orthologs of human disease genes in the respective genomes. In those studies pathologs in different organisms were detected using the OMIM database [19] that contains entries on hereditary human disorders. We were interested, however, in identifying potential pathologs involved in both inherited and non-inherited diseases and consequently elected to use a broader search strategy focusing on sequence analysis combined with key-word searching of literature abstracts based on annotated gene names and MeSH terms. Scientific abstracts listed in PubMed were searched to identify human disease-related genes or proteins related to our dataset of "similar to" FANTOM2 clones. In a comparison between the disease genes listed in OMIM and those detected using PubMed, we found that out of the 182 potential pathologs we identified in this project, 128 (70.3%) were listed in OMIM, but only 89 were listed as having a disease relationship ( 
3) cluster representative transcriptional unit (TU) of the FANTOM2 clone set. OMIM status: 1 = gene present in OMIM with a reported disease; 2 = gene present in OMIM with different disease association or without disease; 3 = gene not present in OMIM.
Flow chart of method used to classify "pathologs"
Figure 2
Flow chart of method used to classify "pathologs". To identify pathologs that correspond to already known mouse orthologs or potential new orthologs, cDNA sequences were compared to known human sequences and conservation of synteny assessed using mouse to human mapping information. If the patholog corresponded to best mouse to human hit the reported function of the gene product was checked. Mouse sequences with reported human ortholog and known function were classified as "known ortholog", sequences reported as best mouse to human hit with unknown function were classified as "ortholog-candidate" and sequences with unknown function that did not correspond to the best mouse to human hit were classified as "novel sequences". no disease relationship was listed in OMIM or the disease association listed was not the same as the one found by our manual expert curation. Furthermore, through our search strategy of PubMed abstracts we identified 93 additional potential pathologs not identified through OMIM.
Discussion
The mouse is the most important animal model of human disease, hence the importance of the FANTOM project to characterise the mouse transcriptome, complete with functional annotation and human genome mapping. The FANTOM2 cDNA dataset represents the most complete set of mouse transcripts to date, and it was utilised by us to identify potential novel pathologs. The identification of pathologs was assisted by integrating the FANTOM2 mouse data with all scientific literature referenced by PubMed, which is currently the most comprehensive literature source of molecular and clinical data. The problem is that most relevant data in medical literature databases is embedded in the free text and searching by automated methods often results in the loss of information. Therefore, to more thoroughly screen for potential pathologs, we employed two approaches in parallel; one relying on semi-automated sequence analysis and text searching (FACTS) and the other relying on human expert manual searching. The results of this study clearly indicate the importance of using multiple parallel approaches to identify all potential pathologs.
The semi-automated approach detected 133 (73%) of the potential pathologs compared to 146 (80%) using manual search. Interestingly the overlap between the two methods was only 97 (53%), suggesting that both approaches are required for identification of all potential pathologs. Although the semi-automated approach utilises less than one third of the time required by manual searching, three quarters of the hits detected by this system were classified as false positives, only 134 transcripts out of the initial 708 produced by automated search meeting the criteria for potential pathologs. This is not unusual when using computerized systems. Problems were caused by retrieval of irrelevant abstracts, misconstructed queries, queries containing ambiguous gene symbols or synonyms, wrong disease MeSH term associations in the abstracts or because the abstract did not meet the human expert's criteria for a potential patholog.
Several reasons contribute to a better performance using the FACTS system compared to expert annotation. The coverage and specificity of abstract retrieval from MEDLINE depends on how queries are constructed. Manual searches were performed using gene names and symbols from the FANTOM2 database, while FACTS constructed queries from an automated QueryMaker program that extracts gene/protein names, symbols and synonym accessions of their annotation sources (e.g., MGI, SwissProt). This information is integrated according to query rules and then used to perform MEDLINE searches. The FACTS system also combines a MeSH Term-Matcher program with a Sentence Splitter system to identify disease associations from MEDLINE abstracts and OMIM morbidmap database (for detailed explanation of the FACTS system see [20] ). These programs enhance the accuracy of automated queries and searches used for the identification of pathologs. The high frequency of false positive hits makes manual curation an important step when using computational screening. Whilst manual searching produces more true positive hits, it is less efficient than the semi-automated approach. Expert analysis identified 49 clones that were missed by the automated system as FACTS-derived results are based on MEDLINE whilst the expert annotators used PubMed for abstract searches.
In previous reports, pathologs in non-human organisms were identified using the OMIM database, the problem with this approach being that it requires the human disease gene to be already known. Our approach produced 93 potential pathologs that were identified through the scientific literature but were not in the OMIM database, suggesting that the true number of pathologs is far higher than those with strictly Mendelian inheritance. Furthermore, given that this study only focused on the subset of "similar to" cDNA clones and did not cover those annotated as "weakly similar to" (see methods) we anticipate that there are many more pathologs in the mouse that are yet to be identified. Our analysis also suggests that the field of disease-related molecular databases is underserved, other than the Mendelian disorders covered by OMIM.
The pathologs identified in this study were selected from a group of FANTOM2 mouse cDNA clones similar to, but not identical to, other known genes. As expected, sequence comparison revealed that the majority of pathologs (137 or 75%) corresponded to the best mouse to human match although many of them (65) remain to be confirmed as orthologs as no function for them has yet been described. We also located an extra 45 potential pathologs that may represent mouse homologs to novel human disease-related genes as deduced from sequence analysis and conservation of synteny. It is likely that at least some of the potential pathologs with function unknown (110) will represent non-functional transcripts, or gene products with different function. Those pathologs that are experimentally validated as orthologs can be used as targets for genetic manipulation and development of mouse models of human disease.
Conclusions
This paper demonstrates the power of combining human expert annotation with FACTS, a newly developed bioinformatics tool, to identify novel pathologs from within large-scale mouse transcript datasets. Those pathologs can be used as targets for genetic manipulation and development of mouse models of human disease. The similarity between mouse and human genomes and their closelyrelated biochemical, physiological, and pathological pathways makes the mouse an invaluable model organism for the study of human disease.
Methods
FANTOM2 system
The FANTOM2 set of full-length mouse cDNA clones contains 60770 sequences. The FANTOM2 clones were functionally annotated using automated computational annotation followed by expert human curation [14] .
Accession numbers
Accession numbers in the manuscript refer to FANTOM accessions submitted to the DNA data bank of Japan (DDBJ), or public accessions.
Sequence analysis
Pre-computed results of sequence similarity comparisons were retrieved from the FANTOM2 database [21] . The method used for detection of sequence similarity has been explained by Okasaki et. al. [14] . Briefly, according to the percentage of DNA sequence identity and the length of the similarity region to known genes the FANTOM2 clones were annotated as: "identical-to" or "homolog", "similarto", or "weakly-similar-to". "Identical to" (>95%) and "homolog" (85-95%) were clones with more than 85% identity over more than 90% of their length to known genes. "Similar to" were clones with identity of 70-85% over more than 70% of their length to known genes. "Weakly similar to" were clones with identity between 50-70% over more than 70% of their length to known genes.
The clones grouped as "similar to" and "weakly similar to" could represent novel mouse transcripts whose function may be inferred because of their similarity to known proteins. This study focused on the analysis of "similar to" clones, which are referred here to as the "target set". The clones classified as "weakly similar to" require further bioinformatic characterisation and therefore will be matter of a different study. The target set was comprised of 2578 annotated clones, representing a workable size subset for this study. Using the RIKEN clone ID number of each potential human disease related target, we identified the representative transcript from RTPS 6.3 [22] to indicate the FANTOM2 cluster representative transcriptional unit associated with disease (see Tables 2, 3, 4 ).
Human disease-related genes
We defined "patholog" as a non-human gene with homology to a human gene that encodes a product (transcript, anti-sense or proteins) involved in human disease. In this study, to be classified as a disease-related gene, there must be at least one scientific publication providing evidence linking a gene (or the related protein) to a disease phenotype (such as protein mutation or up/down regulation), to a diagnostic test, or to a disease treatment. In vitro studies using human cells (fresh tissue, cell lines or tumour cell cultures) or clinical studies were all accepted as evidence for a human disease relationship. Scientific publications where experiments were done using non-human organisms or where results were not tested directly in humans were discarded from the analysis.
All potential pathologs from the target set were used for identification of the corresponding human gene by mapping to the human genome sequence. We used a semiautomated and a manual approach for data searching and identification of pathologs. The manual approach involved searching literature abstracts from the PubMed database [23] using protein names for each clone in the target set, to identify potential human disease relationships. The gene or protein name was searched via the PubMed interface for keyword search and the retrieved abstracts were analysed by medical experts. Queries that returned one or more abstracts and that met the patholog definition criteria were noted: clone ID, clone name, PubMed ID, and disease-relationship were recorded. In the semi-automated approach we used the FACTS (Functional Association/Annotation of cDNA clones from Text/ Sequence Sources) system to query MEDLINE abstracts (described in detail by Nagashima et al. [20] . Briefly, we constructed MEDLINE queries from RIKEN cDNA clone annotations using 205 query construction rules and the FACTS MeSH TermMatcher program. Of 2578 similar to annotated clones 1,949 clones had gene names considered informative for MEDLINE abstract searches that were clustered into 639 queries. 522 queries corresponding to 708 clones yielded 17,051 abstracts with 2637 disease MeSH terms. As FACTS extracts both abstract and sequence-derived based information using accession mapping, from the 708 clones we obtained 109 that had 92 disease associations in OMIM Morbimap. From 629 clones without informative names we extracted 47 OMIM Morbidmap associations for 57 clones. In total FACTS provided 27% of all and 36% of informative disease candidate associations. The MEDLINE and OMIM inferred disease associations can be annotated upon registration through a FACTS annotation interface. The interface dis-plays basic clone information (symbol names, protein motifs and RTPS cluster information) and links to tissue expression information in READ [24] and GNF gene expression atlas [25] together with the automatically constructed query. The computationally inferred human disease MeSH terms and OMIM Morbidmap titles are listed in a table containing a hyperlinked MEDLINE identifier, MeSH term and check boxes to delete or confirm the MeSH term and assign a confidence value. The confidence values low, medium, high, and unknown indicate whether the MeSH assignment is based on direct (e.g. mutation in gene) or indirect (pathway component in disease gene pathway) evidence. A comment field provided the possibility of entering evidence and decision-supporting comments. Automated results were obtained in 48 hours and manual curation required approximately 60 man hours.
Medical experts performed manual searches of the 2578 target clones through abstract inspection and thereby selected candidate novel mouse pathologs. The time taken to identify the final number of pathologs required approximately 160 man hours.
Classification and interpretation
The results of the manual and the semi-automated approaches were combined in a single final list. Clones on this list were classified into groups in accordance to the physiological system affected by the related disease. Pathologs were subdivided according to the role of the protein in the disease process: pathophysiology, diagnosis, or treatment. Finally, we compared the pathologs identified in this study with entries from the OMIM database to identify pathologs that could be identified by direct searching of the OMIM database.
Identification of mouse known orthologs, ortholog-candidates and novel sequences was based on sequence similarity (FANTOM2 website [21] ) and conservation of synteny based on mouse to human mapping information (NCBI Map viewer [26]) and RIKEN-genomapper [27] (July 2003), and reported function (Locus Link [28] search -july 2003). Mouse sequences with reported human ortholog and known function were classified as "known orthologs", sequences reported as best mouse to human match with unknown function were classified as "ortholog-candidates" and sequences with function unknown that did not correspond to the best mouse to human match were grouped as "novel sequences".
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